Aims/hypothesis Systemic pro-and anti-inflammatory cytokines are associated with both type 1 and type 2 diabetes, while their role in latent autoimmune diabetes in adults (LADA) is unclear. Therefore, we compared cytokine concentrations in patients with LADA, type 1 or type 2 diabetes and healthy individuals to test the hypothesis that differences of cytokine concentrations between all groups are attributable to diabetes type and BMI.
Introduction
Type 2 diabetes is characterised by impaired beta cell function and insulin sensitivity and is often accompanied by other metabolic abnormalities [1, 2] . These features are accompanied by alterations of the immune system [3] [4] [5] [6] . Previous studies found an elevation of systemic pro-and anti-inflammatory cytokine concentrations in patients at risk for diabetes and with overt type 2 diabetes [7, 8] . Obese patients with or without type 2 diabetes also have increased levels of systemic cytokines [9, 10] . In particular, IL-6 and TNF-α are produced in abundance in adipose tissue and are thought to contribute to both development of type 2 diabetes and insulin resistance [11] [12] [13] [14] . Serum concentrations of IL-10 and IL-1 receptor antagonist (IL-1RA), antiinflammatory cytokines, are also secreted in adipose tissue and are associated with obesity and disease progression of type 2 diabetes [15, 16] . Treatment with IL-1RA in longterm type 2 diabetes patients has shown to improve HbA 1c and to increase endogenous insulin secretion [17] .
Type 1 diabetes results from immune-mediated beta cell destruction and is accompanied by islet-directed antibodies, while T cell-mediated and cytokine-mediated cytotoxicity is thought to lead to beta cell destruction [18, 19] . It has been shown that during insulitis of type 1 diabetes invading immune cells produce cytokines such as IL-1β, TNF-α and IFN-γ, which are known to be cytotoxic to beta cells [20] [21] [22] [23] [24] [25] [26] . After manifestation of type 1 diabetes, T cell reactivity and systemic cytokines such as IL-1RA are associated with endogenous insulin secretion and have been shown to relate to disease progression [27] [28] [29] .
Latent autoimmune diabetes in adults (LADA) has some clinical features of type 2 diabetes but shows immunological abnormalities similar to those in type 1 diabetes, such as glutamic acid decarboxylase antibody (GADA) [30, 31] . So far it is not understood why disease progression in LADA is slower than in type 1 diabetes despite the immunological similarities. Insulin secretion was reported to be intermediate in LADA compared with type 1 and type 2 diabetes, whereas metabolic syndrome was similar in type 1 diabetes and LADA [32, 33] . The role of pro-and antiinflammatory cytokines in LADA has not yet been investigated.
We tested and compared circulating concentrations of pro-inflammatory cytokines IL-6 and TNF-α, and antiinflammatory cytokines IL-10 and IL-1RA in patients with LADA, type 1 or type 2 diabetes and healthy participants and analysed their associations with body mass, age and sex.
Methods
The study population consisted of 657 individuals aged from 30 to 70 years, 616 of whom had been diagnosed with diabetes within 5 years before entering this cross-sectional study from the Action LADA cohort. The Action LADA multicentre study was performed to identify immune and clinical risk factors for adult-onset autoimmune diabetes, including its epidemiology, genetic susceptibility, metabolic characteristics and clinical progression [33] . Serum samples were selected on basis of availability and age range. We included 61 individuals with LADA, 90 with type 1 diabetes, 465 with type 2 diabetes and 41 healthy individuals.
Patients with type 1 diabetes were GADA-positive and received insulin treatment after diabetes diagnosis. GADApositive patients aged from 30 to 70 years who did not use insulin treatment for at least 6 months after diagnosis were termed LADA. GADA-negative patients who did not use insulin at least for the first year after diagnosis were defined as having type 2 diabetes. Blood withdrawal from all participants was carried out in the fasting state. The local ethics committee of each study centre approved the study protocol, in accordance with the Declaration of Helsinki. All patients gave written informed consent for the study.
Serum cytokine measurements Serum was collected and stored at −80°C and thawed only once for cytokine analysis. Circulating cytokine concentrations of IL-1RA, IL-6, TNF-α and IL-10 were measured by multiplex-bead technology using commercially available kits (Fluorokine MAP; R&D Systems, Wiesbaden, Germany). The detection limits of the assays were 9.56 pg/ml for IL-1RA, 0.1 pg/ml for IL-6, 0.08 pg/ml for TNF-α and 0.25 pg/ml for IL-10. For cytokine concentrations lower than the detection limit a value half of the detection limit was assigned (IL-6, n=46; IL-1RA, n=0; TNF-α, n=0). Concentration of cytokine IL-10 was only detectable in 44% of the samples. Immunoassays showed inter-assay variations <20% and intra-assay variations <10%.
Statistical methods Analyses were performed using SAS Enterprise Guide version 4.2 (SAS Institute, Cary, NC, USA) and GraphPad Prism version 4 for Windows (GraphPad Software, La Jolla, California, USA). Continuous variables are presented as medians and interquartile ranges (Q1, 25th percentile; Q3, 75th percentile). First, Gaussian distribution of data was assessed using the KolmogorovSmirnov test. The Kruskal-Wallis and Mann-Whitney U tests were used to compare continuous variables. Fisher's exact test or the χ 2 test was performed to evaluate the differences in categorical data with two or more classes. Circulating concentrations of IL-10 were estimated as categorical variables (detectable or not detectable). Data on these analyses were not corrected for multiple comparisons and are therefore descriptive. Univariate correlations between circulating concentrations of cytokines of all groups and BMI, age, sex, blood pressure and diabetes duration were described by Spearman correlation coefficients (r). Associations between tested circulating concentrations of cytokines were carried out with regression analysis adjusted for BMI, age and sex. In addition, we used multivariate regression models to investigate differences of log-transformed cytokine concentrations (dependent variables) in different participant groups adjusted for BMI, age, sex, systolic and diastolic blood pressure and duration of diabetes (independent variables). We tested five models, which adjusted for an increasing number of variables: model 1, unadjusted; model 2, sex and age; model 3, age, sex and BMI; model 4, age, sex, BMI and blood pressure; and model 5, age, sex, BMI, blood pressure and diabetes duration. For the analysis of IL-10 logistic regression was performed using the same independent variables as in multiple linear regression models. BMI was calculated as body weight in kilograms divided by the square of the height in meters (kg/m 2 ). For all these descriptive statistical analyses, p<0.05 was considered to indicate a statistically significant difference.
Results
The median age of all patients with diabetes was 54.3 years (Q1: 44.3, Q3: 60.9). Groups differed regarding the median age (Table 1) . Patients with type 1 diabetes were younger than those with type 2 diabetes and LADA (p<0.0001). There were no differences in the median ages of the type 1 diabetes and healthy groups or the LADA and type 2 diabetes groups. As expected, the median age at onset in patient groups was different (p<0.0001): type 1 diabetes patients were younger than type 2 diabetes and LADA patients (p=0.002, Table 1 ). The median duration of diabetes was similar between individuals with type 2, type 1 diabetes and LADA. The median BMI was higher in type 2 diabetes patients than in those with type 1 diabetes or LADA and healthy individuals (all p<0.0001), while the type 1 diabetes and LADA groups were similar in their median BMI (p=0.72). The healthy individuals had a normal median BMI.
Comparison of circulating cytokine concentrations in different diabetes types The median circulating concentrations of IL-1RA, IL-6 and TNF-α were different between all four groups (all p<0.0001), though we observed an extensive overlap between groups (Fig. 1 , Table 1 ). Type 2 diabetes patients had increased median levels of the antiinflammatory cytokine IL-1RA, and the pro-inflammatory mediators IL-6 and TNF-α compared with type 1 diabetes patients, those with LADA and healthy participants (all p<0.03, Table 2 ). Compared with healthy participants, type 1 diabetes and LADA patients showed higher median concentrations of IL-1RA, IL-6 and TNF-α (all p<0.04, Table 2 ). Interestingly, group-by-group comparisons revealed no differences in median cytokine concentrations of IL-1RA, IL-6 and TNF-α between LADA and type 1 diabetes patients (Fig. 1 , Table 2 ). Systemic concentrations of IL-10 showed statistically significant differences between all groups (p = 0.049, Table 1 ). In healthy individuals, IL-10 concentrations showed a trend to be lower than in type 1 diabetes (p=0.06, Table 2 ) and were lower than in patients with LADA (p=0.003, Table 2 ) and type 2 diabetes (p=0.007, Table 2 ). There were, however, no differences between the diabetes groups, though only 44% of sera samples had measurable IL-10 concentrations.
Associations of circulating cytokine concentrations with potential confounders Systemic concentrations of IL-1RA, IL-6 and TNF-α in all groups correlated positively with BMI (IL-1RA, r=0.35; IL-6, r=0.30; TNF-α, r=0.20; all p<0.0001; Table 3 ). Circulating concentration of TNF-α in healthy participants did not correlate with BMI after classification of all individuals in groups.
In addition, waist circumference data, as a more representative measure of abdominal obesity, were available for a subgroup (n=495, 70% of total cohort) of patients. In this subgroup, a positive correlation between BMI and waist circumference was seen (r=0.85, p<0.0001). Waist circumference also showed a positive correlation with IL-1RA, IL-6 and TNF-α (IL-1RA: r=0.36, IL-6: r=0.33, TNF-α: r=0.23, Fig. 2) . In both groups, the highest median systemic cytokine concentrations of IL-1RA, IL-6 and TNF-α were in individuals with obesity, followed by overweight patients and with the lowest values in patients with normal weight. However, comparison of median IL-6 concentrations between normal weight and overweight individuals in the autoimmune diabetes/type 2 diabetes group did not reveal significant differences (Fig. 2) . In addition, we found higher median concentrations of IL-1RA in women and a positive correlation of serum concentrations of IL-1RA with systolic and diastolic blood pressures (Table 3) . Pro-inflammatory cytokines IL-6 and TNF-α were also positively correlated with age and systolic blood pressure. Circulating concentrations of IL-10 did not reveal any correlation with potential confounders (Table 3) .
Likewise we did not detect an association of waist circumference with IL-10 when analysing the subgroup of n=495 (r=0.04, p=0.28). Table 4 shows the results of association analysis between cytokines adjusted for BMI, age and sex. All statistically significant associations were positive in all groups with diabetes but not in healthy participants. The strongest associations were between the anti-inflammatory cytokine IL-1RA and pro-inflammatory cytokines IL-6 and TNF-α (Table 4) . Serum concentrations of IL-10 in healthy individuals were positively associated with TNF-α (β=0.7, p=0.03, Table 4 ), but only 44% of sera had detectable IL-10.
Associations of circulating concentrations of cytokines
Increased concentrations of cytokines in type 2 diabetes after adjustment for confounders As circulating concentrations of cytokines were significantly associated with anthropometric variables we investigated the influence of potential confounding factors on differences in levels of cytokines between the groups. We employed multiple Continuous lines exhibit comparisons of circulating cytokine concentrations between each subgroup with autoimmune diabetes. Broken lines show comparisons of circulating cytokine concentrations between each subgroup with type 2 diabetes. Kruskal-Wallis test resulted in p<0.0005 for IL-1RA, IL-6 and TNF-α. Fisher's test for IL-10 gave p=0.69. p values for IL-1RA, IL-6 and TNF-α were obtained by Mann-Whitney U test: *p<0.05; **p<0.01. Additional comparisons between groups revealed further significant p values that are not reported for reasons of clarity regression models to estimate whether differences in IL-1RA, IL-6, TNF-α and IL-10 concentrations between groups, detected in the univariate analysis, persisted after stepwise adjustment for BMI, age, sex, blood pressure and duration of diabetes ( Table 2 ). The similarity of participants with LADA and those with type 1 diabetes and their differences compared with type 2 diabetes patients were maintained after stepwise adjustments. Only the differences for systemic concentrations of TNF-α between healthy control participants vs LADA/type 1 diabetes disappeared after additional adjustments for confounders.
Discussion
Increased concentrations of systemic cytokines were observed in patients with type 2 diabetes, while levels in patients with LADA and type 1 diabetes were similar. Higher BMI was positively associated with higher systemic cytokine concentrations in all groups. Furthermore, patients with type 2 diabetes exhibited a BMI-independent elevation of systemic cytokines which was not explained by sex, age or blood pressure. We therefore confirmed the hypothesis that increased BMI affects systemic cytokine concentrations in patients with type 2 diabetes and extended these observations to patients with type 1 diabetes and LADA. Similar findings were obtained in healthy control individuals; however, as this group was small and the focus or our investigation was on comparison of type 1, type 2 diabetes and LADA, further studies are warranted to confirm this finding. Several studies have shown an association between overproduction of pro-and anti-inflammatory cytokines and weight, obesity, adipose tissue and metabolic syndrome [16, 34, 35] . In the present study BMI was used to study obesity, as this marker correlates tightly with waist circumference and both variables are robust risk factors associated with diabetes [36, 37] . In our study, all individuals with higher BMI simultaneously had higher circulating pro-as well as anti-inflammatory cytokine concentrations, regardless of diabetes type. These data point to a positive influence of obesity on the secretion of systemic cytokines independent of diabetes group and it is an additional risk factor for impairment of disease progression in autoimmune diabetes as well as type 2 diabetes.
Our study is the first investigation comparing systemic cytokine concentrations in LADA with type 1 and type 2 diabetes. It has some limitations that should be mentioned. The number of LADA patients compared with type 2 diabetes is relatively low and our definition of LADA as clinical 'type 2 diabetes patients positive for GADA' (and not for other type 1 diabetes related autoantibodies) may be oversimplistic, though similar to that used in previous studies [31] [32] [33] . The study design was cross-sectional. A longitudinal follow-up study would be more appropriate and enable the investigation of different stages in progression from healthy control to prediabetic states and overt diabetes. Finally, possible associations between glucose and lipid toxicity, beta cell function and circulating cytokine concentrations in different diabetes groups could not be investigated because suitable data were not collected. As adjustment for the confounding variables age, sex and BMI did not change the associations, it would be of interest to implement measures of glycaemia (fasting glucose, HbA 1c ), lipids, insulin secretory capacity and insulin resistance in such patients in the future.
However, in the present study we showed that circulating pro-and anti-inflammatory cytokine concentrations in LADA and type 1 diabetes were similar, but lower compared with type 2 diabetes. This finding is consistent with the proposal that type 1 diabetes and LADA are immunologically similar, occupying different ends of an immunophenotypic spectrum [38] . The present data are in line with our previous observation that the prevalence of metabolic syndrome in type 2 diabetes patients was higher than in patients with LADA or type 1 diabetes [33] .
Our current results show that systemic cytokines are positively associated with BMI in addition to diabetes type. Previous studies have reported that the elevation of pro-and anti-inflammatory cytokine levels is linked to higher risk of diabetes development [39] [40] [41] . We extend these observations as we describe that in addition of BMI, diabetes type is associated with systemic cytokine concentrations. Contrary to our expectation, differences in cytokine concentrations in type 2 diabetes compared with type 1 diabetes and LADA persisted after adjustment for BMI, age, sex, diabetes duration and blood pressure. Overall, these results illustrate that increased circulating concentrations of proand anti-inflammatory cytokines are generally affected by BMI and other potential confounders. This observation did not hold true for IL-10, which was detected in 44% of individuals only, similar to the findings in previous studies [42] [43] [44] [45] . Differences in cytokine concentrations between those with type 2 diabetes and those with both autoimmune diabetes types are not solely explained and influenced by these potential confounders, suggesting a diabetes-type associated immune dysregulation. Unfortunately, additional variables of the metabolic syndrome according to the IDF definition such as waistto-hip ratio, triacylglycerols, HDL-cholesterol and fasting plasma glucose were not available for this study and we cannot conclude that differences of cytokines between types of diabetes relate, in fact, to disease pathogenesis. Measurement of systemic cytokine concentrations is unlikely to reflect the local inflammatory milieu around disease-related tissue.
Of note, IL-1RA, TNF-α and IL-6 were positively associated in all patients groups, even after adjusting for BMI, age and sex. We speculate that this positive correlation between pro-and anti-inflammatory cytokines may reflect a counter-regulatory attempt to ameliorate inflammation in patients with diabetes, associated with a general upregulation of immune responses. Interestingly, the Whitehall II study on IL-1RA also reported an upregulation of both pro-and anti-inflammatory mediators 6 years before the diagnosis of type 2 diabetes [7, 8] .
In conclusion, we confirmed that greater systemic cytokine concentrations associate with body mass in type 2 diabetes. Further, systemic cytokines were similarly lower in both type 1 diabetes and LADA, but higher than in control participants. Thus, factors other than cytokines are responsible for the difference of the clinical phenotype between type 1 diabetes and LADA.
